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Highlights 
 Using yeast cells to control the in-situ growth of crystal particle. 
 Heterogeneous isomorphism nanocomposite hollow microspheres are 
synthesized. 
 The cathode exhibits a higher discharge capacity and energy density. 
 
ABSTRACT 
Li3V2(PO4)3 (LVP)/LiFePO4 (LVP) composite hollow microspheres (LVP/LFP-CHMs) for 
lithium-ion batteries have been synthesized by a combination method, using yeast cells as both 
structure templates and biocarbon source. The stable heterogeneous isomorphism solid solution 
with superlattice structure is formed in the joint of LVP and LFP particles. A detailed analysis of 
the formation mechanism of solid solution with superlattice structure and the influences of 
different Fe:V mole ratios on the structure and electrochemical properties of composites are 
presented. When the LVP/LFP-CHMs with a Fe:V mole ratio of 1:3 were used as cathode material 
in coin cells with metallic Li as anode, the cell exhibits a discharge capacity of 221.5 mAh g-1 for 
5 cycles and discharge specific energy of 682 Wh kg-1 at 0.1 C in a wide voltage range (1.5–4.3 V). 
Its capacity is far higher than the capacity of unsubstituted LFP and LVP in the same wide voltage 
range. The energy density of this cell is about 4 times higher than that of modern commercial 
lithium-ion batteries (157 Wh kg-1). The wide voltage range not only increases the discharge 
capacity and energy density of cathode materials, but also could expand the range of its 
applications in electronic equipment. 
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1. Introduction 
  The energy density and power density of lithium ion batteries (LIBs) need to 
be improved for the requirement of electric vehicles, hybrid electric vehicles 
and smart grids. Developing high-energy density LIBs is an important trend. 
Since the mass energy density is the product of discharge capacity and average 
discharge voltage, the energy density of LIBs highly depends on the structure 
and properties of the cathode materials. The transition metal phosphate cathode 
materials such as LiFePO4, LiMnPO4 and LiNiPO4 have the well-known 
attractive features of superior safety, high thermal stability, excellent cycle life 
and good electrochemical properties because the large polyanion frameworks 
with 3-D network and strong P-O covalency can aid stabilization of the 
structure and allow fast ion migration [1−4]. As a typical example, LiFePO4 
crystallizing in the olivine structure can offer a flat discharge profile around 
3.4V with a theoretical capacity of around 170A h/kg and no obvious capacity 
fading was observed even after several hundred cycles [5]. However, there are 
still some serious drawbacks which require further improvements. The 
relatively low working potential and discharge specific capacity limit their 
theoretical specific energy. The specific energy of cathode materials could be 
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effectively improved by partial substitution of transition metals via a solid 
solution mechanism and nanocomposites [6−10]. For example, LiMnyFe1−yPO4 
(LMFP) solid solutions are of particular interest due to the low cost of Mn and 
the ∼4 V intercalation potential for Mn2+/Mn3+, which provides higher working 
voltage (energy density) without exceeding the stability window of common 
electrolytes. LMFP of y < 0.6 composition exhibits even higher rate capability 
as a lithium battery cathode than LiFePO4 because of the formations of 
metastable solid solutions [11]. 
  V is a relatively abundant transition metal, which makes it viable for large 
scale applications. Monoclinic LVP has almost the same good safety property 
(low probability of explosion) as LFP, because they possess high thermal 
stability due to the strong covalently bonded oxygen atoms [12]. LVP has a 
really high energy density of about 500 Wh kg-1, which is far higher than that of 
LFP [13−16]. Various strategies have been developed to improve the 
electrochemical activity of LVP [17]. Particularly, substitution of 
electrochemical active transition metal (Fe [18], Co [19], Sn [20], Cr [21], etc.) 
in LVP has proved effective to improve their Li extraction/insertion 
performance, the structural stability and increase their electronic conductivity 
and a higher Li+ diffusion coefficient. Recently the composite cathode materials 
between LFP and LVP have attracted intensive attention by scientists, which is 
mainly attributed to: (1) the mixture of V-doped LFP and Fe-doped LVP forms 
more easily substitutional solid solution because both LFP and LVP belong to 
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poly-anion phosphates, and PO4
3- forms the basic framework structure, but the 
ionic radius sizes of Fe2+ (0.077 nm) and Fe3+ (0.069 nm) are much bigger than 
that of V3+ (0.063 nm); (2) the stable solid solution plays an important part in 
electrons transfer activity and the lithium ion diffusivity, facilitating the 
excellent rate performance of the composite materials; (3) a high reversible 
capacity at a high operating solid-solution discharge voltage from 4.3 to 3.0 V 
ensures the high discharge energy density for the composite materials; (4) the 
voltage range of composites is compatible with the current commercialized 
organic electrolytes for LIBs, which makes it more easily utilized in practical 
applications with high energy density [22,23]. Recently, Zhang et al. [24] 
synthesized 2LiFePO4·Li3V2(PO4)3/C composites through a spray drying 
method, displaying a capacity of 147.6 mAh g-1 at 0.1 C in 2.5–4.5 V. In the 
same year, Guo et al. [25] also prepared LiFePO4·Li3V2(PO4)3/C composites by 
a modified solid-state method, showing a higher discharge capacity of 165.2 
mAh g-1 under the same conditions. They found that the composite of LVP and 
LFP could effectively enhance the electrochemical kinetics via the structure 
modification. Although the composite structure is carefully investigated, the 
energy density of the composites is still unsatisfactory. The studies related to 
the formation mechanism of stable solid solution in the composites are still rare 
and deserve further investigations.  
  Recently, many research groups have focused on the hollow microsphere 
structures to improve the electrochemical performances of cathodes [26−29]. 
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Their unique structural features in terms of shorter diffusion paths, higher 
electrolyte/electrode contact areas, and shell permeability can guarantee better 
rate capability and high energy density. More importantly, the interior void 
space can buffer the volume change during repeated Li+ insertion/extraction, 
causing improved cycling life [30]. Uniform carbon coating on the particle 
surface of cathode materials is an economic and feasible technique to enhance 
the electronic conductivity [17,31,32]. A variety of biocarbon sources from the 
nature have been used for the development of high performance LIBs, such as 
baker’s yeast cells, adenosine triphosphate, tobacco mosaic virus, bacteria, and 
so on [33−35]. A microorganism is a useful structure template and biocarbon 
source in the synthesis of cathode materials because of its biological activity, 
biomineralization, as well as its organic body with various shapes [36]. 
Furthermore, porous structure is easily formed when the organic body of 
microorganism is thermally decomposed and carbonized in the calcining 
process. The porous structure will benefit the penetration of the electrolyte, 
increase the contact area of electrode/electrolyte and improve lithium ion 
diffusion [37,38]. In fact, yeast cells have been already successfully used in the 
synthesis of high performance LFP and LVP cathode materials [39−43]. 
However, the application of yeast cells in LFP/LVP composite has not been 
reported. In this work, we synthesized Li3V2(PO4)3/LiFePO4 composite hollow 
microspheres (LVP/LFP-CHMs) for high energy lithium-ion battery cathodes 
using yeast cells as structure templates and biocarbon source by a combination 
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method. Here, LVP/LFP-CHMs are composed of mesoporous biocarbon hollow 
microspheres (MBHMs), LVP and LFP nanoparticles. The stable 
heterogeneous isomorphism solid solution with superlattice structure was 
formed in the joint of LVP and LFP particles. Compared to common 
composites, LVP/LFP-CHMs are more homogeneous and orderly, which could 
increase the stability of materials to some extent. Furthermore, we have 
investigated the electrochemical performances of LVP/LFP-CHMs in a stable 
and wide electrochemical window of 1.5−4.3 V (vs. Li/Li+) without exceeding 
the stability window of common electrolytes.  
2. Experimental 
2.1 Material preparation 
   The reagents used in this work were FeCl3·6H2O (99%, Tianjin Bodi Chemical Co. 
Ltd.), CH3COONa·3H2O (99%, Tianjin Bodi Chemical Co. Ltd.), (NH4)2HPO4 (99%, 
Tianjin Bodi Chemical Co. Ltd.), L-Ascorbic acid (99%, Tianjin Bodi Chemical Co. 
Ltd.), NH4VO3 (99%, Tianjin Bodi Chemical Co. Ltd.), C2H2O4·2H2O (99.5%, 
Tianjin Bodi Chemical Co. Ltd.), NH4H2PO4 (99%, Tianjin Bodi Chemical Co. Ltd.), 
Li2CO3 (97%, Tianjin Guangfu Fine Chemical Research Institute), Glucose 
anhydrouse (Tianjin Guangfu Fine Chemical Research Institute) and yeast (Instant dry 
yeast, Angel Yeast Co., Ltd.). Distilled water was used during the synthesis of 
LVP/LFP-CHMs. In this experiment, samples with different Fe:V mole ratios (1:4, 1:3, 
1:2, 1:1, 2:1 and 3:1) were prepared. Firstly, FePO4/yeast precursor was prepared as 
described below. 2 g yeast and 4 g glucose anhydrouse were dissolved in 100 mL 
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distilled water to cultivate yeast cells for 1 h at 35 °C. The purified yeast cells were 
obtained by centrifugation and washing with distilled water for two times. 
FeCl3·6H2O was dissolved in 100 mL distilled water, then the purified yeast cells 
were added into FeCl3 solution with vigorous stirring at room temperature. After 
stirring vigorously for 12 h, a mixture of CH3COONa·3H2O and (NH4)2HPO4 was 
added to the solution while stirring for 12 h. Then a yellow solution with FePO4/yeast 
precursor sediment was formed (eqn 1). The purified dry FePO4/yeast precursor was 
obtained by centrifugation and washing with distilled water for two times and dried in 
an air oven for 10 h at 100 °C. Secondly, VOC2O4/yeast precursor was prepared. 
Oxalic acid and NH4VO3 in stoichiometric ratios were dissolved in 100 mL deionized 
water with magnetic stirring at 70 °C until the formation of a clear blue VOC2O4 
solution (eqn 2). Oxalic acid was used here not only as a chelating reagent but also as 
a reducing agent. Then the purified yeast cells was added into the clear blue VOC2O4 
solution with vigorous stirring for 8 h at 70 °C. The blue dry VOC2O4/yeast precursor 
solid powder was obtained by drying the blue solution in an air oven at 100 °C. 
Finally, stoichiometric FePO4/yeast precursor, VOC2O4/yeast precursor, NH4H2PO4, 
L-Ascorbic acid and Li2CO3 were mixed uniformly. The obtained mixtures were 
sintered at 300 °C for 3 h, then sintered at 550 °C for 4 h, and finally sintered at 
700 °C for 8 h (eqn 3, 4 and 5). All the sintering processes were performed in N2 
atmosphere. The final product was a black powder and marked as LVP/LFP-CHMs. 
For comparison, Li3V2(PO4)3/C (LVP/C) and LiFePO4/C (LFP/C) were also prepared 
via the same process described above, respectively. Samples with different Fe:V mole 
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ratios (1:4, 1:3, 1:2, 1:1, 2:1 and 3:1) were named as LVP/LFP-CHMs-1, 
LVP/LFP-CHMs-2, LVP/LFP-CHMs-3, LVP/LFP-CHMs-4, LVP/LFP-CHMs-5 and 
LVP/LFP-CHMs-6, respectively. 
OHClNHNaClCOOHCHFePOOHCOONaCHHPONHOHFeCl 24342342423 923)(6    
(1)                                                                                                                                                      
OHCONHOVOCOHOCHVONH 22342242234 10222232                       (2) 
COCOHOHC 244 2686                                             (3)                                                            
24324 3424 COLiFePOCCOLiFePO                                     (4) 
32234234243242 6299)(2634 NHCOCOOHPOVLiPOHNHCOLiOVOC                 (5)  
2.2 Sample characterization 
     X-ray diffraction (XRD) patterns of the samples were measured using a LabX 
XRD-6100 X-ray diffractometer (Shimadzu) with Cu Kα radiation in order to identify 
the phase composition. The diffraction patterns were collected over a diffraction angle 
2θ range of 10–60°, with an acquisition time of 12.0 s at 0.02° step size.  
Thermogravimetric analysis (TGA) of the samples was conducted in air at a heating 
rate of 10 °C min-1 from 45 °C to 850 °C using a thermal analyzer (TGA1 STAR 
System) in order to study the carbon content. The nitrogen (N2) adsorption-desorption 
isotherms and Barrett-Joyner-Halenda pore size distributions were carried out at 77 K 
using a computer-controlled sorption analyzer (Micromeritics, Gemini V2380, USA) 
operating in the continuous mode after the samples were dried at 150 °C for 12 h. The 
valences of iron and vanadium ions were detected by an X-ray photoelectron 
spectrometer (XPS, Thermo scientific-K-Alpha) equipped with an Al Kα achromatic 
X-ray source. Morphologies and element mappings of the samples were observed 
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using scanning electron microscopy (SEM, Quanta 200, Philips FEI, 20 kV) and 
High-resolution transmission electron microscopy (HRTEM, TF20, Philips FEI, 200 
kV). 
2.3 Preparation of electrodes and electrochemical testing 
     The electrode preparation and electrochemical testing were performed as 
described before [35]. The voltage range of the electrochemical testing is 1.5–4.3 V. 
3. Results and discussion 
3.1 Formation mechanism of LVP/LFP-CHMs 
 
     
   Yeast is a unicellular fungus and can survive in aerobic and anaerobic 
environment. Yeast cells possess spherical or elliptical morphology. Cell wall 
as an important part of yeast cells mainly consists of proteins and 
polysaccharides. There are many biomacromolecules and surface charges on 
the cell wall. They can interact with metal ions or charged ionic groups, 
provoke the deposition of mineral, provide oriented nucleation sites, 
immobilize the particles, and finally establish microsphere structure [44]. 
Hydrophilic anion groups such as OH- and COOH- in biomacromolecules on 
the cell wall surface can improve the mineralization ability of yeast cells and 
regulate crystal nucleation and growth [45]. In fact, hydrophilic anion groups 
also exist inside the yeast cell, and they are from nucleic acid and proteins. Fig. 
1 shows the formation mechanism of LVP/LFP-CHMs. When FeCl3 and 
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VOC2O4 solution were mixed with purified yeast cells, respectively, the Fe
3+ 
and VO2+ cations were combined with the negatively charged groups, and were 
self-assembled to the yeast cell wall surface and cell interior by electrostatic 
interaction. Then, the VOC2O4/yeast precursor was formed (Fig. 1b). After 
introduction of PO4
3- into Fe3+/yeast solution, FePO4/yeast precursor was 
formed (Fig. 1a). Finally, FePO4/yeast precursor, VOC2O4/yeast precursor, 
phosphorus sources and lithium source were mixed and calcined under N2 
atmosphere, then LVP/LFP-CHMs were synthesized (Fig. 1c). In the calcining 
process, the yeast cells are thermally decomposed and carbonized into 
mesoporous biocarbon hollow microspheres (MBHMs), which can significantly 
increase the permeability of the electrolyte and thus facilitate diffusion of Li+. 
The LVP and LFP nanoparticles were evenly coated on the surface of MBHMs 
and the stable heterogeneous isomorphism solid solution with superlattice 
structure was formed in the joint of LVP and LFP nanoparticles. Fig. 1d is the 
schematic illustration of a LIB employing LVP/LFP-CHMs as cathode and 
lithium metal as anode. 
 
As HRTEM can further study the formation mechanism of LVP/LFP-CHMs on 
the atomic scale, HRTEM images of LVP/LFP-CHMs-2 were analyzed. Fig. 2a shows 
the TEM image of LVP/LFP-CHMs-2. Two sphere particles are detected and they 
inlay each other in the joint, which is consistent with the structure of LVP/LFP-CHMs 
shown in Fig. 1c. Schematic diagram of composite structure of LVP/LFP-CHMs is 
 12 
shown in Fig. 2b, displaying the electron transport in the nano-heterostructure of the 
composite particles. Biocarbon exists in the joint of LFP and LVP, which can promote 
the electron transport rate. In order to further identify the structure of the two particles, 
an enlarged HRTEM image in Fig. 2a is shown in Fig. 2c. As shown in Fig. 2c, the 
stable heterogeneous isomorphism solid solution with superlattice structure was 
formed in the joint of LVP and LFP nanoparticles. Superlattice is a periodic structure 
of layers of two (or more) semiconductor materials with different band gaps. The two 
different semiconductor materials are deposited alternately on each other to form a 
periodic structure in the growth direction. Typically, the thickness of super-lattice is 
several nanometers and depend on the heterostructure type . Superlattice has abundant 
reactive sites, low interface energy, optimized electronic structure, and fascinating 
physical and chemical properties due to quantum confinement and special nanometer 
effects [46]. The quantum wells in superlattice structure could be the rapid diffusion 
paths for Li+ hopping. This is expected to be favorable towards achieving higher 
electronic conductivity and improving the electrochemical performance of the 
cathodes [47,48]. Effective electron transport is another important requirement for fast 
kinetics, since insertion/extraction of Li+ must be accompanied by electron transfer in 
order to keep the charge balance. As shown in the bottom of Fig. 2c, two kinds of 
parallel lattice fringes caused by doping overlap together, showing a layer structure. 
Fig. 2d is an enlarged HRTEM image in Fig. 2c. As shown in Fig. 2d, there was one 
lattice fringe of LFP, with the interplanar spacing of 0.37 nm, corresponding to (011) 
plane of LFP. The interplanar spacing of the other lattice fringe from LVP was 
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measured to be 0.54 nm, corresponding to (111) plane of LVP. The results mean that 
LFP unit cell and LVP unit cell coexist in the composite materials [24]. Fig. 2e shows 
the schematic diagram of heterogeneous isomorphism solid solution structure, 
showing the formation mechanism of solid solution with superlattice structure. 
According to the formation mechanism of LVP/LFP-CHMs shown in Fig. 1 and Fig. 2, 
it can be seen that superlattice structure exists in the joint of LFP and LVP particles, 
which indicates that the overall chemical composition for this region is LFP, LVP and 
biocarbon. So we predict that superlattice structure is widespread in the composite 
materials. In fact, both LFP and LVP belong to poly-anion phosphates, and PO4
3- 
forms the basic framework structure. So LFP and LVP have similar structure to some 
extent and the substitutional solid solution forms more easily via the interaction 
between doping ions. Besides, the ionic radius sizes of Fe2+ (0.077 nm) and Fe3+ 
(0.069 nm) are much bigger than that of V3+ (0.063 nm). When Fe2+ or Fe3+ 
supersedes lattice site of V3+ in LVP crystal structure and its doping amount is less 
than the solid solubility, the unit cell volume of LVP swells as the Fe content increases. 
If Fe2+ supersedes lattice site of V3+, the repulsion interaction between the redundant 
positive charges of V3+ will increase, subsequently leading to the lattice expansion. 
Meanwhile the reduced total energy of solid solution system reduces, which results in 
the formation of stable heterogeneous isomorphism solid solution. If the doping 
amount of Fe2+ or Fe3+ is more than the solid solubility, the solid solution system will 
be transformed into amorphous structures, causing structure transition [49]. These 
inferences can be firmly supported by the analysis results of XRD patterns in Fig. 3. 
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The formation of stable solid solutions covering a remarkable wide compositional 
range has a coherent phase transformation mechanism in nanoscale olivine cathodes. 
So, the formations of stable solid solution in the composite not only can activate the 
lattice and promote electrochemical reaction kinetics, but also can increase the energy 
density and rate capability of the composite materials[10].     
3.2 Structural analysis and morphology characterization 
  The substitutional solid solution with superlattice structure forms more easily 
because the lattice constant of b axes in LVP is precisely twice as a axes in LFP [50]. 
The XRD patterns of the samples after calcination are shown in Fig. 3. The different 
Fe:V mole ratios were used to explore the effect on the composite structure. The 
broad peaks at approximately 20–35° (2θ) originating from the amorphous 
components is present in the composites, and this broad peak in the different sample 
is to assign different colour, such as back in Fig. 3a, purple in Fig. 3b and green in Fig. 
3b. The intensity of this broad peak decreases with increasing the doping mole 
amount of Fe in LVP (Fig. 3a−d), and increases with increasing the doping mole 
amount of V in LFP (Fig. 3e−h). So based on solid-solution phase formation rules 
[51], these results clearly indicate that the doping of Fe in LVP benefits the formation 
of stable ordered solid solution, but the doping of V in LFP favours the formation of  
metastable disordered solid solution. More crystal structure information about the 
samples was calculated and summarized, as shown in Table S1–S3. By comparing the 
XRD patterns of the different composite samples, the following five changes are seen: 
(1) the peaks (see red dots) at 13, 28 and 45° (2θ) in Fig. 3b−d disappear due to the 
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doping of Fe in LVP by comparison with Fig. 3a, which is ascribed to lattice 
distortion and expansion caused by the replacement between bigger Fe2+ (0.077 nm) 
ion and smaller V3+ (0.063 nm) ion; (2) the two new peaks (see black circles) centered 
at 40 and 44° (2θ) in Fig. 3c and d are present, and asymmetric superlattice satellites 
as well as the splitting of (403) LVP substrate peak are clearly visible in the enlarged 
diffractograms (inset of Fig. 3c), indicating the formation of superlattice structure, 
which is in agreement with the observation of HRTEM image in Fig. 2c and the 
electron diffraction pattern in Fig.S3c; (3) the new peaks (see black stars) at 18, 27, 31 
and 47° (2θ) in Fig. 3f and g are present by comparison with Fig. 3h due to the doping 
of V in LFP, showing the formation of new phase because of structure transition; (4) 
the Li3V1.64Fe0.54(PO4)3/C sample (LVP/LFP-CHMs-2, Fe:V=1:3) has a bigger LVP 
unit cell volume (about 886 Å3) than that of Li3V2(PO4)3/C (about 883 Å3) and a 
smaller strain of 0.32%, but the LiFe0.75V0.25PO4/C sample (LVP/LFP-CHMs-6, 
Fe:V=3:1) has a smaller LFP unit cell volume (about 289 Å3) than that of LiFePO4/C 
(about 292 Å3) and a smaller strain of 0.16%, which validated the doping mechanism 
described above; (5) the intensity ratio between the strongest diffraction peak of LVP 
and the superlattice peak can  qualitatively represent the content of superlattice 
structure in the composites, and the sample with a Fe:V mole ratios of 1:3 
(LVP/LFP-CHMs-2) contains about 11.52% superlattice structure. The XRD analysis 
results suggest that between LVP and LFP, there is a large region of substitutional 
solid solution, the doping of Fe in LVP benefits the formation of stable ordered solid 
solution and the doping of V in LFP favours the formation of new phase. The TG 
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curves are shown in Fig. S1 to measure the carbon content.  
      
 
SEM is usually used to observe the surface morphology of material. SEM 
image of LVP/LFP-CHMs-2 (Fig. 4a) show that most of the particles exhibit 
sphere-like morphology but with a non-uniform size distribution, the size of the 
particles is below 5 μm. Some particles show the hollow sphere-like 
morphology. The sample contains large and small particles, and the small 
particles fill in the gaps between large particles, which is helpful to improve the 
tap-density of material [52]. As seen clearly in Fig. 4b, each sphere particle is 
constituted of a large number of nanosized primary particles, which may be 
attributed to the agglomeration during calcination process. In order to     
further study the microstructure of LVP/LFP-CHMs-2, the HRTEM images 
were given. As shown in Fig. 4c, the particle shows a sphere-like morphology, 
which is consistent with the SEM observation. Interestingly, TEM image also 
reveals the porous structure (white dots) in the particles, indicating that the 
particle shown in Fig. 4c is a hollow microsphere. As shown in Fig. 4d, the 
LVP/LFP crystal particles are wrapped with a thin layer of amorphous 
biocarbon (about 2.30 nm thick), which would offer a good electronic 
conductive network for the active materials [25]. Fig.S2a shows that the LVP 
particles inside a sphere exhibit wafer-like morphology but with a non-uniform 
size distribution, the size of the LVP wafer particles is below 40 nm. Fig.S2b 
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shows that the super-lattice formed at the junction of particles and the 
co-existence of V-doped LFP and Fe-doped LVP. Fig.S2c shows the electron 
diffraction pattern of LVP/LFP-CHMs-2, and displays electron diffraction spots 
of super-lattice structure. In order to further investigate the porous structure of 
LVP/LFP-CHMs-2, nitrogen adsorption-desorption isotherms and pore size 
distribution patterns are shown in Fig. 4e and f, respectively. The sample 
exhibited a typical IV-type isotherm curve with a H3 hysteresis loop in the 
range of 0.5–1.0 P/P0, which was typical characteristic of mesoporous materials 
[52,53]. However, the pore size distribution shown in Fig. 4f indicates the 
formation of randomly distributed pores with size of from 1.5 to 101 nm and 
dominant at 1.8 nm. So the porous structure is hierarchical, which means that 
micropores and mespores coexist in LVP/LFP-CHMs-2. The BET surface area 
for LVP/LFP-CHMs-2 is 5.61 cm3 g-1.   
  XPS tests were performed and shown in Fig. 4g and h to investigate the 
valences of Fe and V ions in LVP/LFP-CHMs-2. As shown in Fig. 4g, the 
Fe2p3/2 peak (black line) is difficult to be distinguished, because the relative 
content of Fe element in the composite is low, as confirmed by the XRD results 
(Fig. 3c) and the elemental distribution mappings of Fe shown below. The 
binding energy of Fe2p3/2 (710.4 eV) after fitting (red line) is basically 
consistent with the previously published spectra of LFP (710.5 eV) [55], which 
means that the valence of Fe in LVP/LFP-CHMs-2 is +2. As shown in Fig. 4h, 
XPS spectra of V2p3/2 core level fit to a single peak with a binding energy of 
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517.2 eV, matching well with that observed in V2O3 (517.3 eV) and LVP 
(517.2 eV) [18,56], so the valence of V in LVP/LFP-CHMs-2 is +3. 
   In order to further confirm the elements in LVP/LFP-CHMs-2, we characterized 
the elemental distribution mappings of LVP/LFP-CHMs-2 sample at the nanometer 
level using SEM and EDS (Fig. 5). Fig. 5a shows a bright field SEM image of 
LVP/LFP-CHMs-2 sample. EDS analysis shows the distributions of C, O, P, V and Fe 
of the LVP/LFP-CHMs-2 sample in the nanoscale range, respectively (Fig. 5b–f), 
where O, P and V elements are evenly distributed in LVP/LFP-CHMs-2. However, the 
distribution of C element is not as uniform as O, P and V elements within the particles. 
Compared to V element, the content of Fe is relatively low, which is consistent with 
the XPS analysis. 
 
3.3 Electrochemical properties 
The initial charge-discharge curves usually cannot truly reflect the 
electrochemical performances of cells, because new cells need a electrochemic- 
al activation process in the early stage of cycling in order to get maximum 
energy density. This makes electrolyte fully infiltrate into the electrode, and the 
oxide layer on the surface of electrode was reduced to enhance Li+ 
surfacereactivity. Fig. 6a shows the second charge-discharge curves of 
LVP/LFP-CHMs-2 at 0.1 C in the potential range of 1.5–4.3 V. The cell was 
firstly charged at a constant current density to a potential of 4.3 V, then charged 
at a constant voltage (4.3 V) to a minimum current value (0.01 mA), and then 
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discharged at a constant current density. As the monoclinic LVP has a more 
open structure, it is possible that Li+ can insert into the lattice of LVP without 
causing too much structure change and hence proceed in an intercalation 
reaction mechanism [57]. As shown in Fig. 6a, there are six pairs of potential 
 
plateaus (1/①, 2/②, 3/③, 4/④, 5/⑤, 6/⑥). According to previous reports, 1/① 
and 2/② (1.78/1.73 V, 1.91/1.88 V) are caused by the Li+ extraction/insertion of 
Li3+xV2(PO4)3 (0≤x≤2, eqn 6) [57–59]. 3/③ (3.46/3.40 V) is attributed to the Li+ 
extraction/insertion of LFP, which is associated with the two-phase transitions 
between LiFePO4 and FePO4 (eqn 7). 4/④, 5/⑤ and 6/⑥ (3.60/3.57 V, 3.68/3.65 
V and 4.08/4.05 V) are connected with Li+ extraction/insertion of LVP. As far 
as LVP is concerned, only two lithium ions can be cycled reversibly between 
3.0 and 4.3 V in theory, spanning the following composition ranges: x=0–0.5, 
0.5–1.0, and 1.0–2.0 in Li3-xV2(PO4)3 (eqn 8, 9 and 10).  
34233423 )()( POVLixexLiPOVLi x
                                   (6)                                                                                         
44 FePOeLiLiFePO 
                                          (7)                                                                      
3425.23423 )(5.05.0)( POVLieLiPOVLi 
                                (8)                                                                                            
34223425.2 )(5.05.0)( POVLieLiPOVLi 
                                (9)                                                                                           
3423422 )()( POLiVeLiPOVLi 
                                     (10)                                                                                     
   It is noted that some pairs of potential plateaus (e.g. 3/③ and 6/⑥) shown in 
Fig. 6a have different charge and corresponding discharge capacities. That is to 
say, the length of charge potential plateau (3 and 6) is not as long as that of 
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corresponding discharge potential plateau (③ and ⑥). This phenomenon is 
common in the charge-discharge process of LIBs. In the charging process, Li+ 
ions extracts from the cathode material, while in the discharging process, Li+ 
ions inserts again. For 3/③ and 6/⑥, the charging and discharging processes are 
considered to be reversible theoretically. However, these processes are not 
completely reversible in actual operation, small microstructure changes of 
cathode materials are hard to avoid in the charge-discharge process, which can 
explain the different charge and corresponding discharge capacities of potential 
plateaus. Fig. 6b shows the cyclic voltammetry (CV) curves of 
LVP/LFP-CHMs-2 between 1.5 and 4.3 V at 0.1 mV s-1. It can be seen that 
there are six redox couple peaks in the CV curves, which is consistent with the 
charge-discharge curves shown in Fig. 6a. 
 
   The second charge-discharge curves of the samples are shown in Fig. 7 to 
study the influence of different Fe:V mole ratios on the electrochemical properties of 
the nanocomposites. It can be seen from Fig. 7 that the charge-discharge curves 
of LVP/LFP-CHMs are a combination of that of LFP/C and LVP/C. The charge 
potential plateau length ratio of LFP and LVP in each sample increase with 
increasing the doping mole amount of Fe in LVP, the results are consistent with 
the XRD analysis. In the potential range of 1.5–4.3 V at 0.1 C, the discharge 
capacities of the samples (LVP/C, LVP/LFP-CHMs-1, LVP/LFP-CHMs-2, 
LVP/LFP-CHMs-3, LVP/LFP-CHMs-4, LVP/LFP-CHMs-5, LVP/LFP-CHMs-6 
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and LFP/C) are 128.6, 155.3, 221.5, 121.1, 129.3, 109.4, 106.8 and 119.4 mAh 
g-1, respectively. Obviously, among all the samples, LVP/LFP-CHMs-2 with a 
Fe:V mole ratio of 1:3 shows the best electrochemical performance. Importantly, 
a high and long discharge voltage plateau (about 50 mAh g-1) near 4.04 V at 0.1 
C can be found in 1.5–4.3 V for LVP/LFP-CHMs-2, which is important for the 
increase of the energy density. Besides, no potential plateaus are found for 
LFP/C below 2 V, which means that the potential plateaus below 2 V in 
LVP/LFP-CHMs are caused by LVP. Comparing with other samples in Fig.7, 
the discharge curve of LVP/LFP-CHMs-2 at 0.1 C in Fig. 6a shows tow pairs of 
less obvious potential plateaus (1/①, 2/②) in the low potential range of 1.5–2.0 
V. It can be seen that there are tow pairs of small redox couple peaks in the CV 
curve of LVP/LFP-CHMs-2 between 1.5 and 2.0 V (Fig. 6b). 
These results indicate that the composition of super-lattice structure in 
LVP/LFP-CHMs-2 is very small. The analysis results of electrochemical 
properties suggest that the doping of Fe in LVP benefits the formation of stable 
ordered solid solution and the increase of potential plateau length near 4.04 V. It 
also benefits the increase of potential plateaus below 2 V. These benefits the 
increase of the energy density (Table S4). 
  In order to further study the effect of synthesis temperatures on the 
electrochemical performance of LVP/LFP-CHMs-2, Fig. 8a shows the second 
charge-discharge curves of LVP/LFP-CHMs-2 synthesized at 700, 750 and 
800 °C at 0.1 C in the potential range of 1.5–4.3 V. The corresponding 
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discharge capacities at 0.1 C are 221.5, 177.6 and 189.1 mAh g-1 in 1.5–4.3 V, 
respectively. The capacities are far higher than the theoretical capacity of pure LFP  
      
(170 mAh g-1, 3.0–4.3 V) and LVP (133 mAh g-1, 3.0–4.3 V). Obviously, 
LVP/LFP-CHMs-2 synthesized at 700 °C has the best electrochemical 
performance. Fig. 8b shows the second charge-discharge curves of 
LVP/LFP-CHMs-2 at different rates in the potential range of 1.5–4.3 V. The 
discharge capacities are 221.5, 157.4, 132.6, 114.9, 98.8, 80.9 and 69.2 mAh g-1 at 0.1, 
0.2, 0.5, 1, 2, 5 and 10 C, respectively. Fig. 8c shows the discharge energy density of 
LVP/LFP-CHMs-2, LFP/C and LVP/C cathode at different rates. The discharge 
energy density of LVP/LFP-CHMs-2 is higher than that of LFP/C and LVP/C at 
different rates. According to the previous report, the energy density of commercial 
carbon-coated LFP nanoparticles is about 157 Wh kg-1 [60]. Obviously, the 
LVP/LFP-CHMs-2 cathode is able to reach much higher energy densities than 
commercial carbon-coated LFP nanoparticles at various discharge current rates 
(0.1, 0.2, 0.5, 1, 2, 5 and 10 C). Fig. 8d shows the rate capability and cycling 
performance of LVP/LFP-CHMs-2, LFP/C and LVP/C in 1.5–4.3 V. It can be seen 
that the discharge capacities of LVP/LFP-CHMs-2 are much higher than that of 
LFP/C and LVP/C at various rates (0.1, 0.2, 0.5, 1, 2, 5 and 10 C) in 1.5–4.3 V. 
LVP/LFP-CHMs-2 shows a stable capacity at each state except for 0.1 C. New cells 
need a transitional period or a activation process in the initial several cycles, which 
can explain the rapid capacity loss of LVP/LFP-CHMs-2 at 0.1 C. In order to further 
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study the cycling performance of LVP/LFP-CHMs-2 at 0.1 C, a new cell was selected 
to test and the result was shown in Fig. 8e. It can be seen that LVP/LFP-CHMs-2 
shows a stable capacity at 0.1 C after about 4 cycles.  
     The cycling performances and the columbic efficiency of LVP/LFP-CHMs-2 at 
5 and 10 C in 1.5–4.3 V are shown in Fig. S4a of Supporting Information. The 
capacity retention is 99.3% after 100 cycles at 5 C and 85.5% after 500 cycles at 10 C, 
respectively. Although the discharge capacity gradually decreases with the increase of 
cycle number, a high coulombic efficiency very close to 100% has been achieved at 
high current rate of 5 and 10 C. After 500 cycles at 10 C, the capacity retention and 
coulombic efficiency are 85.5% and 98.3%, respectively. The rate capability and 
cycling performance of LVP/LFP-CHMs-2 synthesized at different temperatures (700, 
750 and 800 °C) in 1.5–4.3 V were also studied as shown in Fig. S4b. The effect of 
temperatures on the performance of LVP/LFP-CHMs-2 is not obvious. 
LVP/LFP-CHMs-2 synthesized at 700 °C has the best performance. 
3.4 Origin of high capacity 
      The LVP/LFP-CHMs with a Fe:V mole ratio of 1:3 (LVP/LFP-CHMs-2) 
exhibit an impressively high discharge capacity of 221.5 mAh g-1 at 0.1 C in the 
potential range of 1.5–4.3 V, which is far higher than the theoretical capacity of 
pure LFP (170 mAh g-1, 3.0–4.3 V) and LVP (133 mAh g-1, 3.0–4.3 V). As 
described above, in the potential range of 3.0–4.3 V, pure LVP could only 
extract/insert 2 Li+, displaying a discharge capacity of about 133 mAh g-1. 
While in the potential range of 1.5–4.3 V, the LVP could extract/insert about 4 
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Li+ (2 Li+ below 3.0 V and 2 Li+ in 3.0–4.3 V) from the second cycle, and a 
theoretical discharge capacity of about 266 mAh g-1 could be obtained. This is 
the main reason to explain the origin of the high (extra) capacity of 
LVP/LFP-CHMs-2. In other words, the wide voltage plays a critical role in 
improving the capacity of LVP/LFP-CHMs-2. Besides, the deep 
charging/discharging will not affect or damage the structure of the cathode here. 
From cycling performance, it seems the electrode structure is quite good upon 
deep cycling. Furthermore, it has recently been demonstrated that the 
nanostructure of superlattices (SLs) has an effect to enhance the kinetics of 
electron and ion transport due to high surface area, abundant reactive sites, 
optimized electronic structure, and fascinating physical and chemical properties 
that differ from ordinary nanoparticles [61,62]. SLs in the joint of LVP and LFP 
nanoparticles can guarantee abundant active sites for the insertion/extraction of 
Li ions and full utilization of the active materials, which subsequently increase 
the capacity. The stable heterogeneous isomorphism solid solution and better 
electrolyte percolation of the biocarbon hollow microspheres also play an 
important role in the structure improvement of the composite, finally enhancing 
the electrochemical performances. 
 
4. Conclusion 
In summary, Li3V2(PO4)3 (LVP)/LiFePO4 (LVP) composite hollow 
microspheres (LVP/LFP-CHMs) have been successfully synthesized by a 
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combination method, using yeast cells as both structure templates and 
biocarbon source. By studying the synthesis mechanism we demonstrate that 
yeast cells as multifunctional biotemplates are able to control the formation of 
nanocomposite hollow microspheres and to direct the formation of 
substitutional solid solution. We have presented a detailed analysis of the 
formation mechanism of solid solution with superlattice structure and the 
influences of the different Fe:V ratios on the structure and electrochemical 
properties of the nanocomposites. In this experiment we adopted a wide voltage 
of 1.5–4.3 V. The results indicate that the wide voltage range greatly increases 
the discharge capacity and energy density of the cathode materials. In addition, 
porous spherical structure, spherical structure and the heterogeneous 
isomorphism feature with superlattice also improve the electrochemical 
performances of LVP/LFP-CHMs. The LVP/LFP-CHMs-2 synthesized at 
700 °C exhibited a highest discharge capacity of 221.5 mAh g-1 and discharge 
specific energy of 682 Wh kg-1 at 0.1 C in a wide voltage range of 1.5–4.3 V.  
   It is worth noting that the wide voltage can increase the range of its application in 
electronic equipment of specialized fields, such as medical field or aerospace field. 
The proposed approach also reminds us that the combination of biological and 
chemical aspects has excellent prospects in the field of electrochemistry. The findings 
in this study will open up a new route to synthesize new nanocomposites with 
particular electrochemical performances. 
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Fig. 1 Formation mechanism of LVP/LFP-CHMs. (a) FePO4/yeast precursor. (b) VOC2O4/yeast 
precursor. (c) LVP/LFP-CHMs. (d) Schematic illustration of a LIB employing LVP/LFP-CHMs as 
cathode and lithium metal as anode. 
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Fig. 2 (a) TEM image of LVP/LFP-CHMs-2, showing the two sphere particles 
inlaying each other in the joint. (b) Schematic diagram of composite structure of 
LVP/LFP-CHMs, showing the electron transport in the nano-heterostructure of the 
composite particles. (c) An enlarged HRTEM image in (a), showing the heterogeneous 
isomorphism nanocomposite structure formed in the joint. (d) An enlarged HRTEM image 
in (c), showing the lattice fringes of both LFP and LVP. (e) The schematic diagram of 
heterogeneous isomorphism solid solution structure, showing the formation mechanism of 
solid solution with superlattice structure. 
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Fig. 3 The XRD patterns of the samples with different Fe:V mole ratios. (a) LVP/C. (b) 1:4. (c) 
1:3. (d) 1:2. (e) 1:1. (f) 2:1. (g) 3:1. (h) LFP/C. 
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Fig. 4 (a, b) SEM images of LVP/LFP-CHMs-2, showing the hollow sphere-like 
morphology of the particles. (c, d) HRTEM images of LVP/LFP-CHMs-2, showing the 
hollow sphere, the crystalline nature and biocarbon coating on the sample. (e, f) Nitrogen 
adsorption-desorption isotherms (e) and pore size distribution patterns (f) of 
LVP/LFP-CHMs-2. (g, h) XPS spectra of Fe2p3/2 (g) and V2p3/2 (h) for 
LVP/LFP-CHMs-2. 
 
 
Fig. 5 SEM image (a) and EDS elemental mappings of LVP/LFP-CHMs-2 sample, 
showing the distributions of C, O, P, V and Fe in the nanoscale range, which was scanned 
for (b) C, (c) O, (d) P, (e) V and (f) Fe elemental mapping, respectively. 
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Fig. 6 (a) The second charge-discharge curves of LVP/LFP-CHMs-2 at 0.1 C in the 
potential range of 1.5–4.3 V. (b) The CV curves of LVP/LFP-CHMs-2 between 1.5 and 4.3 
V at 0.1 mV s-1. 
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Fig. 7 The second charge-discharge curves of the samples with different Fe:V mole ratios 
at 0.1 C in the potential range of 1.5–4.3 V. 
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Fig. 8 (a) The second charge-discharge curves of LVP/LFP-CHMs-2 synthesized at 
different temperatures (700, 750 and 800 °C) at 0.1 C in the potential range of 1.5–4.3 V. (b) 
The second charge-discharge curves of LVP/LFP-CHMs-2 at different rates in the potential 
range of 1.5–4.3 V. (c) The discharge energy density of LVP/LFP-CHMs-2, LFP/C and 
LVP/C cathode at different rates. (d) The rate capability and cycling performance of 
LVP/LFP-CHMs-2, LFP/C and LVP/C in the potential range of 1.5–4.3 V. (e) The cycling 
performance of LVP/LFP-CHMs-2 at 0.1 C in the potential range of 1.5–4.3 V. 
 
